Introduction: Stroke is a leading cause of neuromuscular system damages, and researchers have been studying and developing robotic devices to assist affected people. Depending on the damage extension, the gait of these people can be impaired, making devices, such as smart walkers, useful for rehabilitation. The goal of this work is to analyze changes in muscle patterns on the paretic limb during free and walker-assisted gaits in stroke individuals, through accelerometry and surface electromyography (sEMG). Methods: The analyzed muscles were vastus medialis, biceps femoris, tibialis anterior and gastrocnemius medialis. The volunteers walked three times on a straight path in free gait and, further, three times again, but now using the smart walker, to help them with the movements. Then, the data from gait pattern and muscle signals collected by sEMG and accelerometers were analyzed and statistical analyses were applied. Results: The accelerometry allowed gait phase identification (stance and swing), and sEMG provided information about muscle pattern variations, which were detected in vastus medialis (onset and offset; p = 0.022) and biceps femoris (offset; p = 0.025). Additionally, comparisons between free and walker-assisted gaits showed significant reduction in speed (from 0.45 to 0.30 m/s; p = 0.021) and longer stance phase (from 54.75 to 60.34%; p = 0.008). Conclusions: Variations in muscle patterns were detected in vastus medialis and biceps femoris during the experiments, besides user speed reduction and longer stance phase when the walker-assisted gait is compared with the free gait.
Introduction
Stroke is considered a major health issue worldwide, since it is a leading cause of motor disabilities, affecting the independence and ability to perform daily tasks in most cases (Belda-Lois et al., 2011; World..., 2015) . There are two distinct types of stroke: the ischemic and the hemorrhagic. The first one is the most common and is responsible for 85-90% of cases, while the second type occurs in a smaller number (10-15%). In contrast, the mortality rate ranges from 8 to 12% for the ischemic type, while the hemorrhagic type has more fatal outcomes with numbers varying between 33% and 45% (Ovbiagele and Nguyen-Huynh, 2011) .
Aside from the stroke type, the location and extension of the brain lesions may lead to different sequels (Deb et al., 2010) and, due to this reason there is a high heterogeneity among stroke sequels (Belda-Lois et al., 2011) , varying according to the brain lesion location and extension. A lesion that occurs in the anterior cerebral artery, for example, may cause motor injuries predominantly in the lower extremity of the contralateral side, which interfere in the gait and body balance (Pare and Kahn, 2012) .
Patients that had stroke usually have spastic muscles in the quadriceps femoris (vastus medialis, vastus lateralis, vastus intermedius and rectus femoris) and triceps surae (gastrocnemius medialis, gastrocnemius lateralis and soleus) while the hamstrings (biceps femoris, semitendinosus and semimembranosus) and tibialis anterior are flaccid, hindering the knee flexion and dorsiflexion (Murray et al., 2014; Sheffler and Chae, 2015) . In spite of flexor weakness, stroke individuals present more co-contractions between agonist and Adaptation of a smart walker for stroke individuals: a study on sEMG and accelerometer signals antagonist muscles when compared with healthy subjects (Shao et al., 2009) , which occur in order to avoid knee and plantar hyperflexion.
All these conditions create a tendency on stroke individuals to produce a compensatory movement in order to walk, which is known as hip circumduction, typical in stroke gait (Whittle, 2007) , causing an asymmetric gait, and overloading the non-paretic limb.
Due to this asymmetry and lack of balance, about 75% of stroke patients need assistance for walking independently during the first three months after stroke onset (Verma et al., 2012) . However, there are no evidence-based criteria for choosing the device to help the patient (Verma et al., 2012) . Tyson and Rogerson (2009) evaluated the use of cane and foot-ankle orthosis, which provided confidence and safety to the patients (20 stroke patients; mean age: 65.6 ± 10.4 years; mean time since stroke: 6.5 ± 5.7 weeks), improving their functional mobility. On the other hand, Suica et al. (2016) analyzed the immediate effect using a rollator, although for healthy subjects (19 subjects; 22 to 70 years), identifying a reduced muscle activity of the lower limbs (gluteus medius and maximus, rectus femoris, semitendinosus, tibialis anterior and gastrocnemius) caused by the weight bearing imposed on the walker.
Most stroke individuals need rehabilitation, whose main goal is the movement recovery to allow them to carry out daily tasks independently (Dohring and Daly, 2008; Roger et al., 2011) . This rehabilitation depends on many factors: lesion severity, age, type of therapeutic intervention, and how complex the stroke was. However, in many cases, rehabilitation does not provide an efficient recovery, and sometimes worsening the clinical status and the damage in the non-paretic limb. In such cases, those therapeutic interventions may provoke decreased mobility and secondary complications (Allen et al., 2011) . On the other hand, conventional gait training and rehabilitation, commonly used nowadays, may not provide a total restoration for most patients (Dohring and Daly, 2008; Suica et al., 2016) .
Many studies (Cifuentes et al., 2014; Dohring and Daly, 2008; Tan et al., 2013) used robotic devices for motor rehabilitation, to recover important features of the gait and maintain muscle integrity. However, to the extent of our knowledge, no neuromuscular analysis was performed using robotic walkers applied for stroke rehabilitation. The main goal of this paper is to analyze changes in the muscle pattern on paretic limb during free and walker-assisted gaits in stroke individuals, through accelerometry and surface electromyography (sEMG). Another important goal is to verify the volunteer adaptation to a smart walker in the first contact. Therefore, this study is focused on the pattern-variation analysis of the paretic limb muscles and the swing and stance phase duration, in addition to the walking speed during the use of robotic walker and in free gait.
Methods

Volunteers
Eight ischemic stroke individuals (4 males and 4 females; 65.75 ± 6.27 years old), from a rehabilitation institution of Espirito Santo state (Brazil), volunteered for the experiments. The number of volunteers generated a sample size for this study that has an effect size of 0.8, with statistical power of 50% and alpha equals 0.05. The research was previously approved by the Ethical Committee of Federal University of Espírito Santo (UFES/Brazil) and all volunteers signed the informed consent.
Eligibility criteria for inclusion in this study were: only one stroke that happened at least from 6 months up to 5 years before the tests; hemiparetic gait; Functional Ambulation Classification -FAC (Holden et al., 1984) in stage 2 or higher; ability to remain erect and with elbows at 90º while using the smart walker; age range from 50 to 80 years; enough cognitive skills and language to follow the experiment instructions. Individuals were excluded if they could not walk independently, had any musculoskeletal or neurological disorder limiting ambulation unrelated to the stroke, and if they had cardiorespiratory impairment, conditions that may prevent them from performing walking tests. Each volunteer was classified through a functional walking test (FAC) by the same physiotherapist, who has more than 20 years of experience.
sEMG and accelerometer data
All procedures for sEMG data acquisition and processing were based on recommendations of the "Standards for reporting EMG data" (Merletti and Torino, 2015) . The kind of electrodes used was Ag/AgCl discoid shape, with 10 mm diameter, pre-gelled and with inter-electrode distance of 20 mm. Before the electrode placement, the skin was cleaned (alcohol 70%) and shaved to reduce impedance. Signals from four muscles of lower limb -vastus medialis (VM), biceps femoris (BF), tibialis anterior (TA) and gastrocnemius medialis (GM) -were acquired and analyzed. In addition, a reference electrode was placed on the medial malleolus. In all cases, the analyzed limb was the contralateral to the brain lesion. For better accuracy in electrode placement, two experts checked the electrode position placed on the muscles. Cables from the sEMG acquisition equipment were fixed on the limb using adhesive tape to minimize motion artifacts. In addition, a biaxial accelerometer was fixed using adhesive tape on the ankle of the contralateral limb, with the y-axis pointing cranially and x-axis pointing anteriorly.
Both sEMG and accelerometer data were recorded simultaneously using an acquisition equipment EMG 830C (EMG System do Brasil Ltda  ) with 16-bit analog/digital conversion resolution, amplifier gain up to 2000V/V, common mode rejection > 100dB, input impedance of 10 9 Ω, and maximum sampling frequency of 2 kHz. The measurement capacity ranged from -2000 to 2000 μV with sensitivity of 0.061 μV.
Smart walker
A smart walker from UFES/Brazil (Valadão et al., 2016) (Figure 1 ) was used in the experiments, which was built from a conventional four-legged walker adapted to a robotic mobile platform. The smart walker structure has forearm bars to provide weight support and comfort during its use, also allowing the user to guide it. The smart walker has also a height adjustment, which allows the user to stay in an upright posture. An onboard laser sensor is used to provide information about the distance from the walker to the user's leg. By using the information provided by the laser sensor, the walker can adjust its speed through a proportional-integral-derivative controller (PID), with the goal of keeping the user at a predefined distance and angle, thus aiding him/her to maintain right posture (position and orientation) while using the device.
In the experiments, the walker slows down when the user is within a distance greater than the set-point, allowing the user to get closer to the walker. In the opposite case, i.e., if the user is closer than the set-point, the walker moves away to make him/her catch the set-point. In general, the walker makes the user stays always on the central angle and at the predefined set-point posture (distance: 70 cm; orientation: 0°) (Valadão et al., 2016) .
To enhance the experience with the walker, all tests were carried out using a classical PID controller together with a safety supervisor system composed of a set of rules (Table 1) to avoid harmful situations for the user while using the walker (Valadão et al., 2016) .
Experimental protocol
The experimental protocol was performed in two stages. Firstly, the volunteer walked freely for 10 meters in a straight path on flat ground at a comfortable speed (chosen by the volunteer). This walking was performed three times and there was one minute of resting time to avoid fatigue. Secondly, there was a time for adaptation and instruction regarding the use of the smart walker, which varied according to the needs of each volunteer. Following, the volunteer performed the same path three times, but now with the assistance of the smart walker.
Data analysis
Once collected to the computer, the signals were analyzed to identify the gait phases and muscle activity. From the accelerometer signals, the analysis was done following the method of Han et al. (2009) , in which the gait cycle begins with the heel strike and ends in the next heel strike of the same foot, corresponding to 100% of the gait cycle. The sEMG raw signals were full-wave rectified and filtered using a 10-500Hz band-pass filter to minimize the influence of motion artefacts and for signal smoothing. In addition, a normalization was applied using the method of finding the maximum peak during the movement, which is considered the best method for dynamics contractions analyses and for neurologic patients as they are not able to produce a reliable maximum contraction (Perry and Burnfield, 2010) .
At least 20 cycles of each volunteer were acquired and the average onset and offset were found calculating the RMS (root mean square) of the signal, indicating the mean pattern for each muscle. The results were presented as mean and standard deviation (SD), followed by coefficient of variation (CV), which is calculated as (SD/ mean) x 100. Samples with CV values lower than 15% are considered to have low dispersion; from 15 to 30% moderate dispersion; and, higher than 30%, high dispersion.
For statistical analysis, using the Shapiro-Wilk normality test, we identified that the samples are not normally distributed. Therefore, the Wilcoxon signed-rank test was applied to compare the free and walker-assisted gaits and to verify if there was a significant difference between them. When p-value < 0.05, the null hypothesis was rejected, which considers there is no difference between the free and walker-assisted gaits.
Results
Eight volunteers that had suffered stroke participated of the experiments (with the height of the smart walker forearm support adjusted for each one) and their physical information is arranged on Table 2. Although there had been a great elapse of time after stroke (2.83 ± 1.51 years, CV: 53%), all of volunteers showed typical stroke gait, in which they had knee hyperextension and plantar hyperflexion and, consequently, hip circumduction.
Speed
During the free gait, the volunteers were instructed to walk at a comfortable speed. The average speed for the three repetitions (Table 3) was recorded and the mean of the eight volunteers was 0.45 ± 0.06 m/s. The smart walker automatically adjusts its speed according to the user's speed, but it is possible to change its speed in any moment, according to therapist's specification. Due to safety concerns, the smart walker maximum speed was limited at 0.50 m/s. The average speed reached by the patients during the walker-assisted gait was 0.30 ± 0.07 m/s, which represents a reduction of 33.3% compared with the free gait. There was statistically significant difference between these gaits (p = 0.021), which means there was a decrease in the speed when the patients used the walker as assistance for walking.
Accelerometer and cycle phases
Some researchers (Han et al., 2009; Lee et al., 2010; Saremi et al., 2006) have used accelerometer signals to divide the gait in stance and swing phases by finding specific peaks (Figure 2) , in which toe-off indicates the end of the stance phase and, consequently, the beginning of the swing phase. The average percentage of toe-off during the free gait was 54.75% ± 7.04, and during the assisted gait it was 60.34% ± 8.10 ( Table 4 ). Using the Wilcoxon's test (α = 0.05), the p-value was 0.008. Therefore, there was a statistically significant difference, and an increase in the stance phase using the smart walker could be observed.
sEMG and muscle pattern
After dividing the gait phases, the muscle activation patterns for each individual were determined (Figure 2 ). VM and BF muscles presented longer activation period. For volunteers with higher GM spasticity (V1, V2, V4 and V5), the TA muscle had longer activation period, due to coactivation to control the plantar flexion. All the volunteers showed an intense activation of GM muscle, with its onset occurring during the swing phase, a behavior not found in healthy gait. The mean onset and offset were calculated for the muscles vastus medialis, biceps femoris, tibialis anterior and gastrocnemius medialis and the results are shown in Table 4 . The CV (coefficient variation) value indicates how diversified the sample is. The VM/BF muscle offset and TA onset (only assisted gait) values presented medium dispersion (15-30%), while the TA offset showed high dispersion (> 30%). Contrastingly, all other values had low dispersion.
Comparing free and walker-assisted gait, there was statistically significant difference only in VM onset/offset (p = 0.022) and BF offset (p = 0.025), with highest percentage rate in the gait cycle. However, even with these values, the onset/offset remained in the same phase in both gaits.
Discussion
The development of robotic devices for rehabilitation should consider patient's residual abilities, activities they have to develop in their daily tasks and work, the device comfort and practical aspects (Helal et al., 2008) . The employment of robotic devices for stroke rehabilitation has been widely studied as a new and efficient way to recover motor skills (Cifuentes et al., 2014; Dohring and Daly, 2008; Tan et al., 2013) . However, it should be evaluated if there are changes during the assisted gait, such as asymmetry reduction in some gait parameters and muscle activation more similar to the normal activation. Average muscle pattern (EMG signals) for each individual during free (continuous pink curve) and walker-assisted gait (dotted blue curve). The red lines represent the toe-off, which are dividing the cycle in stance, and swing phase. VM (vastus medialis); BF (biceps femoris); TA (tibialis anterior); GM (gastrocnemius medialis); FG (free gait); AG (assisted gait); V1 (first volunteer); V2 (second volunteer) and so on. * Statistically significant with p-value < 0.05 -Wilcoxon's test. SD and CV mean standard deviation and coefficient of variation, respectively. VM and BF are the acronyms for the vastus medialis muscle and for the biceps femoris muscle, respectively. Additionally, the TA and GM acronyms refers to the tibialis anterior and gastrocnemius medialis muscles. Toe-off is the moment preceding the swing phase, when the toe loses the contact with the ground to start the swing phase of its leg.
These data contribute to verify the possibility of using these robotic devices in rehabilitation clinics.
Speed
Compensatory movements and lower limb asymmetry cause changes in the gait patterns of stroke patients (Beaman et al., 2010) , and the spasticity increases the oxygen demand (Lee et al., 2010; Roger et al., 2011) . Moreover, age is another important factor as our sample is composed of elderly people (64.50 ± 7.54 years). All these features cause a reduction in the gait speed.
Stroke gait speed varies among different levels of motor damages and stroke time. Thus, according to the literature, hemiparetic gait has a wide range from 0.10 to 1.00 m/s (Balaban and Tok, 2014; Lamontagne et al., 2000) . In this study, the speed was more homogeneous (0.45 ± 0.06 m/s), probably because the volunteers were in chronic phase (time after stroke > 6 months).
In the experiments carried out with the smart walker the speed limit was of 0.5m/s (limited by the walker). In such cases, the highest speed achieved by volunteers was 0.44m/s and the average speed was 0.30 ± 0.07m/s (statistically significance p = 0.021). Therefore, the speed limit was not the responsible for the user speed reduction. According to the literature (Martins et al., 2012) , during the walker-assisted gait reduced speeds are already expected.
Furthermore, our smart walker is intended for gait rehabilitation, thus the gait speed is not necessarily related to the gait pattern improvement, and in case of gait training, the goal for the patients is to help them performing the task correctly and to stop using compensatory movements acquired after stroke. Better stability and homogeneous distribution of body weight on the lower limbs provides a gait closer to the natural one, with better symmetry between the lower limbs, including increasing the support phase of the paretic limb. In fact, a study (Dragin et al., 2014) of 4-week clinical trial (22 subacute stroke patients) using a body postural support connected to a powered rolling walker concluded that a smart walker changes the gait speed and balance control significantly when compared to a control group.
Accelerometer and cycle phases
To our knowledge, Saremi et al. (2006) was the only study that used an accelerometer to obtain kinematic parameters in stroke gait, finding the same pattern of peaks of healthy gait.
In our study, asymmetry between contralateral and ipsilateral limbs was observed in decreased duration of support on the contralateral limb (Allen et al., 2011; Dobrovolny et al., 2003) ; consequently, there is a difference between the step length of one limb and the other (Chen et al., 2005) .
In studies of Lamontagne et al. (2000) with 30 subjects (< 6 months after stroke; mean age of 62.1 years; gait speed: 0.48 m/s), the toe-off occurred in 67% of the gait cycle. Another work (Den Otter et al., 2007) analyzed the gait of 24 individuals (mean of 8.75 months after stroke; mean age of 58.6 years; gait speed: 0.35 m/s), detecting the end of stance phase at 68% of the gait cycle. Comparing those data with these found in our study, the duration of the stance phase during the free gait was shorter: 54.75% ± 7.04.
Even with a slower speed, during the assisted gait, the toe-off phase was 60.34% ± 8.10 of the gait cycle, which represents a significant increase (p = 0.008). Due to the body stability needed for walking, the ipsilateral limb is overloaded in free gait; therefore, there is a higher support phase by the ipsilateral limb.
These data along with other earlier studies demonstrated that accelerometer can be helpful for gait analysis, as it allowed identifying the main cycle phases.
sEMG and muscle pattern
Spasticity and weakness are the main features of motor damages in stroke patients. Even due to the heterogeneity of stroke individuals, there are some common general characteristics in gait, such as premature onset, and prolonged duration of firing and peaks of activity that differ from normal gait (Balaban and Tok, 2014) .
Due to weakness in BF, there is lower propulsion performed by the paretic limb (Routson et al., 2013) . However, in order to avoid knee hyperextension, BF shows a higher activation time. In fact, a study led by Corrêa et al. (2005) indicated a coactivation between quadriceps and hamstrings muscle groups. Similarly, in our results, VM and BF showed a longer activation time than healthy gait, as expected during both free and walker-assisted gait.
Coactivation of TA/GM is generally not observed in healthy gait (Den Otter et al., 2007; Perry and Burnfield, 2010) . Differently, in our study, TA values (onset and offset) showed a high dispersion, mainly because of differences in the sample. The volunteers 1, 2, 4 and 5 had longer periods of activation and more spasticity in GM (identifiable by higher basal level of sEMG) than the others. We identified TA/GM coactivation in all subjects, mainly due to longer duration of the TA activation. Our results agree with studies of Shao et al. (2009) , in which GM was active during the initial contact, in a moment when the plantar flexors are usually not active. We also observed GM activation beginning in the swing phase. This premature activation of GM can contribute to abnormal pressure distribution (Corrêa et al., 2005) . On the other hand, a reduction of the excessive coactivation can decrease the higher energy cost associated with locomotion after stroke (Lamontagne et al., 2000) .
To summarize, the major contribution of this research is the neuromuscular analysis in stroke individuals during assisted gait by robotic walker and the main feature found was a longer stance phase in the walker-assisted gait compared to the free gait. In addition, the results of this study regarding muscle activation during assisted gait showed statistically significant differences in VM and BF offset, and VM onset, when compared to the free walking. Tibialis anterior (TA) and gastrocnemius medialis (GM) showed more time of coactivation in four out of eight volunteers.
Another important contribution found in this work was the opinion reported by stroke individuals, after their first contact with the robotic walker. These individuals reported they could easily get adapted to the robotic walker and this one was useful and helpful. In future studies, clinical analysis will be conducted for longer time regarding the use of the smart walker during rehabilitation for acute stroke patients.
